ABSTRACT. 10-Hydroxy-2-decenoic acid (10H2DA) is a fatty acid found in royal jelly (RJ). In healthy mice, it activates 5'-AMP-activated protein kinase (AMPK) and increases glucose transporter 4 (GLUT4) translocation. Therefore, we examined whether 10H2DA has a potential therapeutic effect against type 2 diabetes in obese/diabetic KK-Ay mice. 10H2DA (3 mg/kg body weight) was administered to female KK-Ay mice for 4 weeks by oral gavage. Phenotypes for body weight, plasma glucose by oral glucose tolerance test and insulin levels were measured. mRNA and protein levels were determined using qRT-PCR and Western blot analyses, respectively. Longterm administration of 10H2DA significantly improved hyperglycemia and insulin resistance in KKAy mice, but did not prevent obesity. 10H2DA increased the expression of phosphorylated AMPK (pAMPK) protein in skeletal muscles; however, this expression did not correlate with increased GLUT4 translocation. Furthermore, 10H2DA neither enhanced the expression of adiponectin receptor mRNA nor activated the insulin signaling cascade, such as GSK-3β phosphorylation, in the liver. We found that 10H2DA-treated mice had a significant increase in the expression of peroxisome proliferator-activated receptor gamma coactivator 1 alpha (Pgc-1α) mRNA in skeletal muscles compared with non-treated group (P=0.0024). These findings suggest that 10H2DA is involved in the improvement of type 2 diabetes, at least in part via activation of Pgc-1α expression, but does not prevent obesity.
doi: 10.1292/jvms. To the best of our knowledge, no reports have been published on the effects of 10H2DA on type 2 diabetes. Because RJ administration did not improve insulin resistance [32] , we are interested in determining whether 10H2DA can ameliorate insulin resistance in KK-Ay mice. Prior et al. [22] reported that consumption of whole blueberries did not prevent obesity. However, extracted blueberry anthocyanins significantly reduced body fat accumulation in mice. Therefore, 10H2DA, which is a purified product of RJ, may show biological functions different from those of RJ. In fact, we show that long-term administration of 10H2DA markedly improves hyperglycemia and insulin resistance in KK-Ay mice without reducing obesity. In addition, we investigate the preliminary mechanism by which 10H2DA administration improves insulin resistance and hyperglycemia.
MATERIALS AND METHODS

Animals
Female obese/diabetic KK-Ay mice [4, 11] were purchased at 5 weeks of age (CLEA Japan Inc., Tokyo, Japan). All mice were maintained under specific pathogen-free conditions at 23 ± 2°C and housed in plastic cages containing sterilized woodchips for bedding in a 12-hr light/dark cycle (7:00-19:00hr). They had free access to water and standard laboratory chow (MF, Oriental Yeast Co., Tokyo, Japan). The Institutional Animal Care and Use Committee of Kyoto Sangyo University approved the protocols for animal care and experimentation.
Animal groups and treatments
KK-Ay mice were divided into two groups, and orally administered 10H2DA (3 mg/kg; approximately 16 µmol/kg body weight in 25% ethanol) or vehicle (25% ethanol alone) for 4 weeks. Purified 10H2DA from RJ (>98%) was purchased from Nagara Science Co., Ltd. (Gifu, Japan).
Oral glucose tolerance test (OGTT)
OGTT was performed by the oral gavage of glucose (2 g glucose/kg body weight) in overnight-fasted mice after 4 weeks of administration of 10H2DA. Blood samples were obtained from the tail veins at 0 (fasting), 30, 60, 90 and 120 min. Blood glucose levels were determined directly using the glucose oxidase method with Glutest Neo test strips (Sanwa Chemical Co., Nagoya, Japan). Glucose area under the curve (glucose AUC) was calculated according to the trapezoid rule from the glucose measurements at each time and is expressed as min × mg/dl. The blood samples were collected from tail veins using heparinized capillary tubes at 0 (fasting), 15 and 30 min, and then centrifuged to obtain plasma as described previously [23] . Plasma insulin levels were determined using an ELISA (Shibayagi Co., Ltd., Shibukawa, Japan), as described previously [23] . Homeostatic model assessmentinsulin resistance (HOMA-IR) was calculated according to the formula; fasting plasma insulin (µU/ml) ×fasting plasma glucose (mg/dl)/405.
Sample collection
On the next day after completing 10H2DA administration, mice, which were fasted overnight, were anesthetized. Blood was collected from caudal vena cava. The liver, skeletal muscle, mesenteric fat pad and retroperitoneal fat pad were removed and then stored at −80°C. Plasma membrane fractions were prepared from both gastrocnemius and soleus muscles in KK-Ay mice as described previously [19] .
Quantitative real-time PCR (qRT-PCR)
Tissues were homogenized using ISOGEN II reagent (Wako Pure Chemical Industries Ltd., Osaka, Japan), and RNA was obtained from each tissue using ethanol precipitation methods. qRT-PCR reactions were performed using Fast SYBR Green Master Mix (Applied Biosystems, Tokyo, Japan), and a calibration curve method was used to analyze the data, as described previously [23] . The following primers were used: 5′-tctgaccacaaacgatgacc-3′ (forward) and 5′-cgaagcacatttgtctctgc-3′ (reverse) for mouse Pgc-1α, 5′-atgactttgggatccagtcg-3′ (forward) and 5′-tggaaccagatgggaaagag3′ (reverse) for mouse glucose-6 phosphatase (G6Pase), 5′-aaaacgccttgaacctgaaa-3′ (forward) and 5′-gtaagggaggtcggtgttga-3′ (reverse) for mouse phosphoenolpyruvate carboxykinase (Pck1), 5′-tgtgttgtctccactgtttgc-3′ (forward) and 5′-ctcattcgctgaccacacc-3′ (reverse) for mouse adiponectin receptor 1 (AdipoR1), and 5′-cccgttgaacaagaaagtcag-3′ (forward) and 5′-gcacaggtcttgcaaatgg-3′ (reverse) for mouse AdipoR2. The primers for mouse Gapdh were purchased (Takara Bio Inc., Otsu, Japan).
Western blot
Western blot analysis was performed as described by Towbin et al. [27] with slight modifications. Tissue homogenates were centrifuged, and the supernatants were subjected to electrophoresis in 10 or 15% SDS-PAGE; the proteins separated in the gel were then transferred electrophoretically to a polyvinyl difluoride (PVDF) membrane sheet (Immobilon-P, Millipore Co., Billerica, MA, U.S.A.), which was blocked with 5% nonfat dry milk/0.1% Tween 20 in PBS, as described previously [23] . After washing, the membrane was incubated with antibodies against AMPK [1:2,000; #2063, Cell Signaling Tech (CST) Japan, K.K., Tokyo, Japan], pAMPK (Thr172) (1:2,000; #4188, CST Japan, K.K.), glucose transporter-4 (GLUT4) (1:2,000; #2213, CST Japan, K.K.), β-actin (1:10,000; #017-24573, Wako Pure Chemical Industries Ltd.), Glycogen synthetase kinase-3β (GSK-3β) (1:2,000; #12456, CST Japan, K.K.), pGSK-3β (Ser9) (1:2,000; #5558, CST Japan, K.K.), Glycogen synthetase (GS) (1:2,000; #3886, CST Japan, K.K.), or pGS (Ser641) (1:2000; #3891, CST Japan, K.K.). Antigen-antibody complexes were detected using peroxidase-conjugated 
Statistical analysis
Data were analyzed using two-way repeated-measures ANOVA with Shaffer's modified sequentially rejective Bonferroni as post-hoc test or 2-tailed Student's unpaired t test. A value of P<0.05 was defined as statistically significant. Data are presented as the mean ± SEM.
RESULTS
Effect of long-term administration of 10H2DA on insulin resistance and hyperglycemia
No differences in body weight and food intake were observed between the 10H2DA-treated and vehicle-treated groups during the 4 weeks of 10H2DA administration period (Fig. 1A) . OGTTs were performed the next day after 4 weeks of administration of 10H2DA. The blood glucose levels were significantly decreased in 10H2DA-treated KK-Ay mice compared with those in the vehicle-treated KK-Ay mice at 0 min (P=0.0045), 90 min (P=0.0066) and 120 min (P=0.0036) after glucose loading (Fig. 1B) . There was a significant difference in the glucose area under the curve (AUC) between the 10H2DA-treated (47,193 ± 2,587 mg/ dl) and vehicle-treated (58,090 ± 1,802 mg/dl) groups (P=0.011). These results show that 10H2DA administration has the ability to improve glucose intolerance in obese/diabetic KK-Ay mice.
The plasma insulin levels of 10H2DA-treated mice were significantly reduced at 0 min during OGTT as compared with vehicletreated mice (P=0.032) (Fig. 1C) . The HOMA-IR score based on plasma levels of the fasting glucose and insulin obtained from Fig. 1B and 1C , respectively, was significantly decreased in 10H2DA-treated mice (2.08 ± 0.29) compared with vehicle-treated mice (5.14 ± 0.68) (P=0.0036) (Fig. 1D) . These results suggest that 10H2DA markedly improves insulin resistance in obese/ diabetic KK-Ay mice.
Increased expression of key enzymes regulating insulin sensitivity and glucose homoeostasis by 10H2DA in skeletal muscles
To elucidate the molecular mechanisms by which 10H2DA administration markedly improved insulin resistance and hyperglycemia, we investigated expressions of enzymes related to insulin sensitivity and glucose homeostasis in skeletal muscles. We found that 10H2DA-treated mice had a significant increase in the expression of Pgc-1α mRNA in skeletal muscles compared with vehicle-treated mice (P=0.0024) ( Fig. 2A) , suggesting improved muscle insulin sensitivity. We also observed that pAMPK expression levels in skeletal muscles were significantly higher in 10H2DA-treated KK-Ay mice than in vehicle-treated ones (P=0.021) (Fig. 2B) . 10H2DA intake tended to increase GLUT4 translocation in skeletal muscle, although differences between 10H2DA-and vehicle-treated mice were not statistical significance (Fig. 2C) .
Increased expression of key enzymes regulating insulin sensitivity and glucose homoeostasis by 10H2DA in the liver
Pgc-1α mRNA expression level in the liver was also significantly higher in 10H2DA-treated mice than in vehicle-treated ones (P=0.0064) (Fig. 3A ), whereas pAMPK protein expression level was almost the same between the two groups (Fig. 3B) . Pgc-1α expression is considered to be induced by fasting. This effect promotes the expression of gluconeogenic genes in the liver, such as G6Pase and Pck1, which are the key enzymes of gluconeogenesis. In fact, the expression levels of G6Pase (P=0.049) and Pck1 mRNAs (P=0.028) were significantly higher in 10H2DA-treated mice than in vehicle-treated ones (Fig. 3C snd 3D) . 
Adiponectin (AdipoQ), AdipoR1 and AdipoR2 expression in the liver and fat
RJ administration enhanced mRNA expression of AdipoQ in fat and AdopoR1 in the liver [32] . In the present study, however, no differences in serum adiponectin (Table 1 ) and mRNA expression levels of AdipoR1 (Fig. 4A and 4B) and AdipoR2 (Fig. 4C and  4D) were observed between 10H2DA-and vehicle-treated mice. 
Insulin signaling protein expression in the liver
The liver is an important organ for glucose regulation. Activation of the insulin signaling cascade enhances GS through GSK3β activation, which means that glucose release from the liver is suppressed. However, phosphorylation levels of pGSK3β (Ser9) (Fig.  5A) and pGS (Ser641) (Fig. 5B) did not differ between 10H2DA-and vehicle-treated groups.
DISCUSSION
In the present study, we provide the primary evidence that long-term administration of 10H2DA markedly improves hyperglycemia and insulin resistance in obese/diabetic KK-Ay mice, but does not prevent obesity. Our previous study demonstrated that whole RJ administration induced weight loss and improved hyperglycemia, but did not improve insulin resistance [32] . This shows that whole RJ and its purified matter, 10H2DA, have different biological actions. Because insulin resistance precedes hyperglycemia, improving insulin resistance through 10H2DA can be a promising therapeutic regimen for type 2 diabetes.
A previous study reported that a single large-dose administration of 10H2DA significantly increases pAMPK protein and GLUT4 translocation in the skeletal muscles of healthy mice [26] . In the present study, the long-term administration of 10H2DA significantly increased pAMPK protein in skeletal muscles. GLUT4 translocation in skeletal muscle tends to increase in 10H2DA group, although it did not reach statistical significance. This may contribute to the improvement of insulin sensitivity and hyperglycemia. This discrepancy in the content of GLUT4 may be due to differences in the experimental procedure, such as in the number of 10H2DA administrations, dose and presence or absence of obesity/diabetes, because we administered 10H2DA multiple times in an amount approximately one-hundredth of the dose used by the previous report in the obese/diabetic mice [26] . In addition, it is controversial whether AMPK signaling corresponds to glucose uptake in skeletal muscles. In some cases, AMPK signaling correlates with muscle glucose uptake [8, 9] , but in others, changes in AMPK signaling do not correspond well to glucose uptake (GLUT4 translocation) in skeletal muscles [17, 29] . Furthermore, metformin ameliorates diabetes without any change in skeletal muscle GLUT4 content [7, 24] .
AMPK upregulation suppresses mRNA expression of gluconeogenic genes, such as G6Pase and Pck1, in the liver [28] . In the present study, no difference in pAMPK protein expression levels in the liver was observed between the 10H2DA-and vehicletreated groups. This might mean that the expression levels of G6Pase and Pck1 mRNAs should be almost the same in both groups. However, the expression levels of G6Pase and Pck1 mRNAs were significantly higher in the 10H2DA-treated group than in the vehicle-treated one. This may suggest that 10H2DA is involved in the upregulation of G6Pase and Pck1 mRNAs via activation of enzymes other than AMPK. Pgc-1α is considered to be involved in the activation of gluconeogenic genes in the liver under fasting conditions [15] . A previous report also showed that adiponectin and AdipoR1 regulate PGC-1α [10] . However, in the present study, 10H2DA did not affect serum adiponectin levels and expression levels of AdipoR1 mRNA in the liver and fat of KK-Ay mice. These results suggest that increase of AMPK phosphorylation via AdipoR1 in 10H2DA group did not occur. This might be a reason why 10H2DA administration did not suppress expression of G6Pase and Pck1 mRNAs. In addition, 10H2DA did not affect the insulin signaling cascade in the liver, suggesting that hepatic glucose production was not suppressed.
Pgc-1α is considered a key factor regulating insulin sensitivity and glucose homeostasis in mammalian muscles. Modest Pgc-1α overexpression in the muscle improves insulin sensitivity [1, 2] . Another study also suggested that the antidiabetic drug metformin increased PGC-1α protein expression via activation of AMPK, without affecting GLUT4 content in rat skeletal muscles [24] . Consistent with these reports, the present study demonstrated that 10H2DA administration significantly increased the expression of Pgc-1α mRNA and pAMPK protein in skeletal muscles of KK-Ay mice. Although increased expression of pAMPK did not affect GLUT4 expression, significantly, this does not exclude the possibility that increased pAMPK is involved in Pgc-1α expression in skeletal muscles. The present findings showed that Pgc-1α mRNA expression also increased in the liver. This resulted in the increased expression of the gluconeogenic genes, G6Pase and Pck1, suggesting an increase in hepatic glucose production. It is paradoxical that insulin resistance and hyperglycemia are improved in vivo, despite increased gluconeogenic mRNAs in 10H2DA-treated mice. Consistent with our findings, Liang et al. [16] reported that moderate whole-body overexpression of Pgc-1α in transgenic (TG) mice has an opposite effect on hepatic and muscle insulin sensitivity. Despite the increased expression of G6Pase and Pck1 mRNAs in the liver, glucose tolerance improved in TG mice [16] . The mechanism causing the dichotomous effect of Pgc-1α overexpression in the liver and skeletal muscles remains unknown. Activation of Pgc-1α mRNA by 10H2DA administration is postulated to lead to partial or systemic improvement of glucose uptake in peripheral tissues, including muscles, by improving insulin resistance. Expression level of Pgc-1α mRNA in fat did not differ significantly between 10H2DA-and vehicle-treated mice (data not shown), suggesting that abdominal fat may not contribute to insulin sensitivity in 10H2DA. However, a further study is required to clarify this mechanism. Taken together, these findings suggest that the increased expression of Pgc-1α mRNA in muscle and liver is important in improving insulin resistance and hyperglycemia in an in vivo diabetic state.
In conclusion, 10H2DA, a purified natural component of RJ, is potently involved in the improvement of hyperglycemia and insulin resistance, at least in part via the activation of Pgc-1α mRNA expression, but does not prevent obesity.
